The decline in origination rate of new metazoan body plans following the Cambrian radiation has been suggested to reflect developmental canalization in derived taxa, limiting their ability to evolve forms with radically different morphotypes. Segmentation is a fundamental aspect of arthropod body plan, and here we show that a derived trilobite that secondarily converged on a morphotype characteristic of basal members of the clade also reverted to a pattern of segmental variability common among basal trilobites. Hence a secular trend in loss of variability of the trilobite thorax was not due to the evolution of an inviolable developmental constraint. This result challenges the notion of developmental canalization in phylogenetically derived taxa. Rather, early variability in trilobites may be the result of ecological factors that promoted segment-rich thoracic morphotypes during Cambrian time.
INTRODUCTION
Specification of segmentation occurs early in the hierarchy of genetic controls that guide individual development (see Raff 1996; Sommer and Tautz 1993) , and many aspects of this process are conserved throughout the Arthropoda (Akam et al. 1994; Carroll 1995) . Details of the form and development of segments are preserved in a variety of fossil arthropods and offer the potential for insight into the evolutionary history of developmental systems (Arthur 1997; Raff 1996) . Here we use the fossil record of an outstandingly well preserved trilobite assemblage to investigate the controls of a major clade-wide reduction in the variability of the number of segments in the thorax. Specifically, we test one aspect of the hypothesis that developmental patterns became canalized or "hardened" after the early Cambrian, preventing further rapid diversification (McNamara 1983 (McNamara , 1986 McKinney and McNamara 1991) . More generally, variation in the constraint of segment numbers is widely reported within extant groups, including crustaceans, centipedes, annelids, and vertebrates (e.g., Bateson, 1894; Minelli and Bortoletto 1988; Sassaman et al. 1997; Schram 1986) , and may provide a model system for investigating the evolution of developmental characters governing bodyplan design (Arthur 1999) .
TEMPORAL TRENDS IN THE DEVELOPMENT OF THE TRILOBITE THORAX
Trilobites were extant from the early Cambrian (about 525 million years ago) until the end of the Permian (about 250 million years ago). Many thousands of species have been described, and hundreds of these are known from completely articulated dorsal exoskeletons. Several Cambrian species at basal positions within the clade show variable numbers of thoracic segments, with adults of the same species differing by two or more segments in the thorax (McNamara 1983; Stubblefield 1959) (Table 1) . Early species also differ greatly in the total number of thoracic segments, with Cambrian forms ranging between two and more than 40 thoracic segments in adulthood. This pattern contrasts markedly with that seen in later, phylogenetically derived, trilobite groups in which the number of adult thoracic segments range from six to 22 segments and are constant not only within species, but often at the family level or higher (Hughes and Chapman 1995; McNamara 1983; Stubblefield 1959) . Hence variation in thoracic segment numbers apparently became progressively constrained during trilobite evolution, both at the level of individual species and at higher taxonomic ranks. Furthermore, it has been suggested that the control of thoracic seg-mentation became irreversibly "hardened" or entrenched in derived taxa (McNamara 1983; McKinney and McNamara 1991) limiting their opportunity to evolve morphotypes with radically different body plans. If irreversible entrenchment during trilobite evolution could be demonstrated this would provide support for the notion of early plasticity in primitive groups followed by later, advanced, constraint.
THE LOD NICE TRILOBITE ASSEMBLAGE
To test this idea we have examined the relationship between phylogenetic ancestry and segmentation pattern in an exceptionally fossiliferous assemblage of Silurian trilobite species belonging to a variety of clades (Figs. 1, 2.1-2.3, and 5B). This assemblage is about 425 million years old and postdates the end of the Cambrian by approximately 60 million years. The particular taxonomic and preservational characteristics of this assemblage make it an excellent candidate for dissecting the detailed patterns of variation among contemporary individuals: a relatively rare opportunity in the fossil record. Each Lod nice species examined belonged to a clade whose basal members had stable numbers of thoracic segments in adulthood. This assemblage contained nine trilobite species represented by articulated exoskeletons (K í 1992). These were collected from numerous individual bedding planes within a 1.4-meter statigraphic interval at a locality near Lod nice in the Czech Republic. Because the specimens came from several surfaces separated by intervening sediment, all were not living at the same instant and the sam-Ě ě ř ž ě ple is "time-averaged." Given this, it is important to assess: (1) how much time did it take for trilobites to accumulate on individual bedding planes; (2) over what period did the 1.4-meter interval accumulate; and (3) do trilobites collected from different bedding surfaces show different patterns of variation.
Taphonomic evidence on the preservational condition of the specimens suggests that all well-preserved individuals were autochthonous to the area and accumulated on individual bedding surfaces in periods of days to months (Hughes and Chapman 1995) . Based on the depositional fabric and average accumulation rates for comparable environments, the entire interval accumulated in a series of approximately 200-400 short-lived depositional events, probably the result of individual storms, spread over a period of between 1,000 to 10,000 years (Sadler and Strauss 1990) . Measured collections came from several bedding planes but all taxa likely experienced a similar degree of time-averaging and compactionrelated deformation. The majority of specimens analyzed herein were collected by Joachim Barrande in the 1840s, and their exact position within the 1.4-meter interval cannot be established with confidence. Nevertheless, analyses of multiple specimens of Aulacopleura konincki on single slabs, and of new collections made from in situ bedding planes, suggest that the degree of variation in segmentation pattern and overall shape is similar both within and between collections from different bedding plane surfaces. Hence trilobites from the entire interval could be treated as one sample. Furthermore, regardless of the degree of time averaging, all species within the assemblage shared a similar accumulation and preservational history, and thus can be readily compared. Six species were preserved in sufficient numbers for metric comparison of growth patterns.
Geometric relationships between a set of 22 morphological landmarks ( Fig. 1.3b ), common to all taxa and distributed throughout the dorsal exoskeleton, were examined to assess the degree of morphological variation in shape among adults. This analysis confirmed that variation among the individuals assigned to each species was continuous, with no evidence of polymorphism. The degree of intraspecific variation within adults of each taxon was measured as the variance of individuals in the population about the mean form for that species (Fig. 3A) . All taxa show comparable degrees of morphologic variation, and the least variable species is the proetide Aulacopleura konincki ( Fig. 1.3a-c) . A resampling procedure, used to examine the relationship between observed morphological range and sample size, confirmed that differences in variability were not the product of sample-size differences among species (Fig. 3B ). If growth was significantly allometric, morphologic diversity within spe-cies could be affected by the range of adult sizes. This is not the case in this analysis. In Fig. 3A the range of adult size increases toward the bottom of the chart, but degree of shape variation does not reflect this order. (Furthermore, the slopes of all pairwise comparisons of specimens in plots of shape difference against difference in centroid size never exceed 0.006, implying virtual isometry.) These results indicate that, in terms of overall shape, each species shows a comparable degree of variation. Because there is minimal variation in meristic characters within any of the species (except that described below in A. konincki ) each Lod nice species likely represents a single biological species, exhibiting continuous variation among constituent individuals.
The post-cephalic region of trilobites grew by generating new segments from a terminal teloblast in the pygidium, and by increasing the size of previously formed segments. The onset of adulthood is defined by a sharp decline in the rate of segment addition (Hughes and Chapman 1995) , and all trilo-ě bites continued to molt and grow larger during adulthood. Each Lod nice species followed a segment accumulation trajectory prior to the onset of adulthood, with a strong correspondence between number of segments and glabellar length (Fig. 4) . Glabellar length is a suitable proxy for overall size because cephalic segmentation is constant during the period of ontogeny considered herein and these segments, once formed, grew isometrically. [Analysis of the metric dimensions of A. konincki indicates that glabellar length shows the highest loadings on an isometric principal component 1 (Hughes and Chapman 1995) , confirming the utility of this measure]. All species with less than 14 segments in adulthood had a constant number of segments after attaining the adult growth stage (Fig. 4) , but one species, Aulacopleura konincki , possessed an unusually extended pre-adult ontogeny with an anomalously large number of thoracic segments for any post-Cambrian trilobite. This species also shows marked variation in segment numbers in adulthood, with be- (Hughes and Chapman 1995) , although markedly more slowly than the rate during pre-adult growth, assuming that glabellar length change was approximately constant with time. This trend, and the fact that this species shows the lowest degree of variation in the geometric analysis, strongly suggest that all specimens are members of a single species showing continuous variation among character states. All species show comparable levels of intraspecific variation as indicated by the spread of shape differences of individuals from mean geometry for each Lod nice species. Comparison based on 22 homologous landmark positions on the dorsal exoskeleton of six trilobite species using least squares Procrustes fits (LSTRA) (Chapman 1990) . Horizontal bars are standard deviations of specimen distribution about the mean distance. Numbers of specimens analyzed for each species are to left of standard deviation bars. (B) Relationship between sample size and degree of intraspecific variation in three Lod nice taxa, showing that the degree of shape variation is largely independent of sample size. At each sample increment of five additional specimens 20 samples were drawn randomly and for each of these the range of their average shape distance from the mean was calculated. Vertical bars express the standard deviation of the distribution of these 20 ranges for each sample increment. Generic abbreviations Al. ϭ Alokistocare, Pt. ϭ Ptychoparia, El. ϭ Elrathia, Ph. ϭ Phacopidella, C. ϭ Cheirurus, S. ϭ Scharyia, P. ϭ Planiscutellum, T. ϭ Thebanaspis, D. ϭ Decoroproetus, Di. ϭ Dicranopeltis, O. ϭ Odontopleura. Specimens used in these analyses included museum collections, notably those of J. Barrande, and those collected in the field by N. C. H. and Ji í K í . The Lod nice assemblage includes a number of other articulated trilobite species but these are not sufficiently common or well-preserved to permit morphometric analysis. That A. konincki alone among these species shows an unusual pattern of thoracic segmentation points to a linkage between its uniquely segment-rich morphotype and thoracic variability. Whatever promoted variation in segment number, be it environmental factors or otherwise, was restricted in its effect to this taxon among the Lod nice fauna. Hence this assemblage provides an excellent example of differential patterns of intraspecific variation among trilobite taxa, with an unusually tight control for the environmental setting. The objective now becomes to understand the cause and significance of the unique pattern of variation in A. konincki.
MORPHOTYPIC AND ECOLOGIC ASPECTS OF A. KONINCKI
In overall morphology A. konincki is characterized by a narrow axis, extended and caecate frontal area and pleurae, and segment-rich thorax. This form is referred to as the "olenimorphic" morphotype and its origin has been related to conditions of reduced oxygen availability (Fortey and Owens 1990) . However, because A. konincki co-occurs at Lod nice with a range of other trilobite morphotypes, in addition to other fauna indicative of normal benthic conditions, it is unlikely that dysaerobic conditions persisted at the time of deposition of these sediments. Nevertheless, the specific niche occupied by A. konincki may have been related to lower levels of available oxygen. Possibilities for such a condition include an infaunal burrowing habit into poorly oxygenated substrate (although the preservation of undisturbed fine-ě ě scale sediment lamination makes this unlikely), or temporary periods of oxygen deficiency, during which A. konincki flourished to the exclusion of other taxa. Regardless of its specific niche, the structure of the mouth plate suggests that A. konincki fed by the processing of fine particulate material, similar to that invoked for all olenimorphs, and many additional primitive libristomate trilobites (Fortey 1990 ). Other occurrences of Silurian Aulacopleura are geographically widespread, and generally found in low diversity assemblages deposited in deeper water, basinal facies (Thomas and Lane 1984) . For example, an Aulacopleura-Raphiophorusodontopleuride association occurs in early Silurian rocks from New South Wales, Australia (G. D. Edgecombe, personal communication, 1998) , Bathurst Island in the Canadian Arctic, and South China (Wang 1989) . As today, these localities were widely dispersed during Silurian time.
The striking morphological similarity of A. konincki with Cambrian olenimorphs has long been noted (Fortey 1990; P ibyl 1947) and offers the opportunity to observe patterns of variation in a common Cambrian morphotype alive long after the close of Cambrian time. Phenetic comparisons (Figs. 5A and 6) of A. konincki with other members of the Lod nice trilobite assemblage and selected Cambrian olenimorphic trilobites (Figs. 2.4-2.6) confirm that A. konincki groups with olenimorphic species. Indeed, in the cluster analysis (Fig.  5A ) the similarity of A. konincki to each and every selected Cambrian olenimorphic species is greater than the similarity found in any pairwise comparison of Lod nice trilobite species. Non-metric multidimensional scaling and nearest neighbor analysis (Fig. 6 ) confirm that A. konincki occupies the ř ě ě Fig. 4 . Relationship of number of thoracic segments to overall size, as represented by the length of the glabella. After the onset of adulthood (recognized as a sharp change in segment accretion per unit cephalic growth) all taxa, except Aulacopleura konincki, had constant numbers of segments regardless of overall size. In marked contrast A. konincki shows 18-22 segments, and a significant tendency to increase segment number throughout adult growth (p Ͻ 0.01) (Hughes and Chapman 1995) . Generic abbreviations are as in the legend to Fig. 3. area of morphospace adjacent to the Cambrian olenimorphs. Hence the grouping is not the result of distortions of phenetic space that can be induced by clustering metrics.
The convergent form of A. konincki and Cambrian olenimorphs raises two questions. The first is whether A. konincki and the Cambrian olenimorphs share a common form because they share a close phylogenetic origin, or whether this similarity is secondarily convergent. The second question is how patterns of intraspecific variation in thoracic segment numbers map onto the phylogenetic relationships among the Lod nice and other taxa.
PHYLOGENETIC PLACEMENT OF A. KONINCKI
High-level classification of trilobites is relatively poorly resolved. Although recent work (Fortey 1990 (Fortey , 1997 Fortey and Chatterton 1988 ) has now accommodated most families (Chapman 1990) . A. konincki specimens and the Cambrian olenimorphs share greater phenetic similarity than any pairwise comparison among Lod nice taxa. The phenetic analysis links other members of the proetide clade (shaded bars). A. konincki1 is a large adult, A. konincki2 is the average holaspid form for this species (Hughes and Chapman 1995) . (B) Trilobite phylogenetic relationships indicate that A. konincki is a derived trilobite, with close relatives characterized by small numbers of the thoracic segments. The topology is based on current views of trilobite phylogenetics (Fortey 1990 (Fortey , 1997 and developmental information (Chatterton and Speyer 1997). Node 1 is characterized by adult-like larvae with prominent, forward-expanding glabellae (Order Corynexochida). Node 2 is characterized by boxy, deep larvae with a corona of bifurcate marginal spines, longitudinally subdivided glabellar furrows, and paired cephalic tubercles (Order Phacopida). Node 3 is characterized by the ptychoparioid larval type (Order "Ptychopariida"). Node 4 is characterized by a larva bearing a preglabellar field (Order Proetida). Node 5 is characterized by the possession of only two larval stages, with metamorphosis between them (Edgecombe et al. 1997 ). Node 6 is characterized by possession of an aulacopleuroid larvae, typically with four protaspid stages and a distinctive anaprotaspid. Ordinal level names given along branches, "Ptychopariida" is paraphyletic. Generic abbreviations are as in the legend to Fig. 3 . ě ě in ordinal groups, the majority of Cambrian orders are paraphyletic and the phylogenetic relationships between Cambrian and post-Cambrian orders remain largely obscure. Taken together, the Lod nice taxa form a representative cross section of post-Cambrian trilobite diversity. Although the general lack of phylogenetic resolution reflects the scale of the remaining high-level problems, those relationships which are depicted in Fig. 5B are very robustly supported and generally accepted. Intriguingly, A. konincki is not the sister taxon of the Cambrian olenimorphs, but lies nested within a group of phylogenetically derived trilobites. The Lod nice assemblage contains four members of this clade, which together represent the Order Proetida. The three other proetide species cluster together in phenetic space (Figs. 5A and 6) and are here referred to as the non-olenimorphic proetides. The fact that A. konincki has nearest relatives at Lodnice that are non-olenimorphic is strong evidence that the re-ě ě ě semblance between the Silurian and Cambrian olenimorphs is the product of secondary convergence. However, the true degree of phylogenetic separation between these olenimorphic groups is best appreciated in the context of proetide ingroup relationships (Fig. 7 , an expansion of node 3 in Fig. 5B) .
Although proposed nearly a quarter century ago (Fortey and Owens 1975) , the most compelling argument for the monophyly of Proetida (and therefore the phylogenetic separation of A. konincki from the Cambrian olenimorphs) is Fortey's (1990) observation that the group is characterized by the developmental displacement of the natant hypostomal condition (an adult character of the broad libristomate clade) and its fixation in earliest ontogenetic stages. Proetide larvae are unique among trilobites in the possession of a preglabellar field, a reflection of their free ventral mouth plate. While the composition and validity of Proetida is thus established, there have been no comprehensive analyses of ingroup phylogeny. The broader phylogenetic context of Lod nice proetide trilobites and the Cambrian olenimorphs (Fig. 7) , illustrates the considerable phylogenetic distance between A. konincki and its Cambrian homeomorphs. Fig. 7 represents the preliminary result of work in progress on this problem, based on recent field discoveries and cladistic analyses by J. M. A. [see also Adrain and Chatterton (1993) ].
Two points bear emphasis. First, Aulacopleura is phylogenetically extremely distant from all known Cambrian olenimorph taxa. Basal taxa of Proetida have recently been identified through new ontogenetic evidence and these, the marjumioideans, are of late Middle Cambrian age. This means that there is strong evidence that Aulacopleura can only share very ancient, at the youngest early Middle Cambrian, common ancestry with the olenimorphs. It is separated from this presumptive ancestry by a plethora of major phylogenetic steps comprising the genesis of several superfamilial clades. The second point is that none of these other proetide taxa are olenimorphs. In fact, with the exception of some derived members of the Otarioninae, sister group of Aulacopleurinae, none of these major groups includes species with greater than 12 thoracic segments, and most clades (including the phylogenetically basal Proetoidea) have 10 or less. Proetides, in general, have convex, arched exoskeletons, often with a coarsely tuberculate sculpture, relatively narrow pleurae, and modest of low segment counts.
Hence, there is little doubt that Aulacopleura belongs to a highly derived trilobite clade that became secondarily adapted to the ecological niche exploited by the olenimorphs. This niche was continuously occupied during the Ordovician by other major trilobite clades (including olenids themselves and asaphids). The elimination of these groups during the great end-Ordovician mass extinction may have paved the way for a surviving group to exploit dysaerobic environments, and to secondarily acquire olenimorphic morphology. ě Fig. 6 . Clustering of Aulacopleura konincki with Cambrian olenimorphs, and significant separation from non-olenimorphic proetides in a non-metric multidimensional scaling. Analysis based on the least squares Procrustes distance matrix of the specimens analyzed in Fig. 5A . Proportion of total variation represented by this two-dimensional model: 92.6%, stress: 0.117. Note that, as in Fig.  5A , all olenimorphs plot closer to the phacopids than to the nonolenimorphic proetides. Nearest-neighbor analysis confirms that the two specimens of A. konincki are nearest neighbors. Specimen 1 is the nearest neighbor of Al. idahoense, and specimen 2 is the nearest neighbor of E. kingi. Abbreviations: A ϭ Aulacopleura konincki, Al ϭ Alokistocare idahoense, Pt ϭ Ptychoparia striata, E ϭ Elrathia kingi, C ϭ Cheirurus insignis, g ϭ Phacopidella glocerki, T ϭ Thebanaspis putzkeri, D ϭ Decoroproetus coderus, w ϭ Scharyia wenlockiana, s ϭ Dicranopeltis scabra, O ϭ Odontopleura ovata, p ϭ Planiscutellum planum.
INTERPRETATION AND DISCUSSION
All species at Lod nice, other than A. konincki, show stable numbers of segments in adulthood (Fig. 4) , demonstrating that tight control of thoracic segmentation was operative in this environment. The presence of this constraint in the proetide trilobites Scharyia wenlockiana, Decoroproetus coderus, and Thebanaspis putzkeri, phylogenetically intermediate between A. konincki and its Cambrian homoemorphs, demon-ě strates that relaxation of thoracic constraint was a feature of secondarily convergence in A. konincki, and suggest that it was linked to acquisition of the olenimorphic form. Phenetic analysis shows that although S. wenlockiana, D. coderus, and T. putzkeri are clearly distinct from one another, they form a phenetic cluster (Figs. 1.2, 1 .6, 2.3, 5A, and 6) that is characterized by a relatively reduced thorax and enlarged pygidium. This morphotype characterizes almost all the proetides phylogenetically intermediate between A. konincki and its Cam- Fig. 7 . Provisional ingroup relationships of selected taxa in the order Proetida, based on phylogenetic work in progress, illustrating the great phylogenetic distance between Cambrian olenimorphs and Aulacopleura konincki. See Fig. 5B for additional characters. Cambrian trilobites are so labeled, all others are post-Cambrian. 1. Order Proetida: protaspis with preglabellar field. 2. Suborder Aulacopleurina: aulacopleuroid protaspis with paired cephalic tubercles. 3. Pygidium with prominent fulcral tubercles or spines. 4. Superfamily Dimeropygoidea: yoked librigenae (at least in early ontogeny). 5. Superfamily Bathyuroidea: large, hemicylindrical glabella, strongly vaulted, robust exoskeleton, thick cuticle. 6. Superfamily Aulacopleuroidea: isolated L1. 7. Family Aulacopleuridae: micropygous, thoracic axial spine (primitively). 8. Family Rorringtoniidae: Very small eye with densely packed lenses, entirely lacking socle or platform and set directly on libringenal field. 9. Family Scharyiidae: subtriangular glabella, tail nearly as long as wide, approaching isopygous, cedariform suture. Generic abbreviations are as in the legend to Fig. 3. brian homeomorphs, and forms with this morphotype also show stable numbers of thoracic segments in adulthood (Fig.  4) . The prediction that relaxation of thoracic constraint is tied to acquisition of the olenimorphic morphotype is supported by the pattern of intracollectional, intraspecific variation in the aulacopleurid "Otarion diffractum" (the species-level taxonomy of this species is currently in debate), which shows between 17 and 20 thoracic segments in adulthood (Fig. 8) . This species occurs in a thin unit of shales about 5 million years younger than the Lod nice assemblage. As at Lod nice, flexibility in segmentation in this olenimorph contrasts with the pattern of stability seen in the co-occurring odontopleuride Acanthalomina minuta, reinforcing the idea that flexibility is taxon specific. These observations confirm that the long-term secular trend toward stable segment numbers in proetide trilobites cannot be due to irreversible genetic entrenchment because secondarily convergent olenimorphs could relax constraints upon segment numbers when occupying appropriate niches, despite having sister taxa with tightly constrained numbers of thoracic segments.
Cambrian trilobite species known to show variation in thoracic segment numbers are not restricted to olenimorphic forms, but include a wide array of morphotypes including the disparate olenelloid, redlichiid, agnostiid, and primitive libristomate morphologies. Most, but not all, of these forms characterized by large numbers of thoracic segments in adulthood. However, variation in thoracic segment count in adult trilobites is a rare phenomenon, even in Cambrian trilobites-hundreds of species are known whose adults show constant numbers of segments within bedding plane collections. A detailed review of postcephalic segmentation patterns in trilobites is currently in progress, but initial results ě ě reveal that of 20 trilobite species showing well-documented intracollectional variation in thoracic segment numbers (Table 1), only two species have less than an average of 11.5 segments in adulthood. The degree of variation in segment numbers correlates with mean intraspecific numbers of thoracic segments (r ϭ 0.424; p Ͻ 0.05; n ϭ 20), so the temporal trend in reduced thoracic variability may be a correlate of the trend toward reduced segment number, and a by-product of whatever factors promoted segment-rich thoraces in early trilobites. Even so, the apparent possession of either two or three segments in species of Pagetia (Jell 1975) provides an intriguing exception to the general pattern of stability in segment-poor forms, and a more comprehensive analysis is necessary. The reduction of variability with reduced thoracic segment number could reflect selection for more constant numbers in forms with fewer segments (Hughes and Chapman 1995) , or simply be a consequence of the developmental mechanisms by which segments are specified. The positive correlation between the number of segments and degree of variation in segment numbers seen in trilobites is also apparent among some extant arthropods and vertebrates (Arthur 1999; Bateson 1894; Minelli and Bortoletto 1988) . We have no clear idea why there should be a general reduction in trilobite thoracic segment numbers with time (possibilities include fewer molts and/or shorter time to sexual maturity), but in trilobites this trend correlates with an increase in the numbers of segments in the pygidium (Stubblefield 1959) . Furthermore, in forms with fewer thoracic segments, the morphological distinction between thoracic and pygidial segments often increases. Understanding the reasons for the increasing distincitiveness of the pygidium during trilobite Fig. 8 . Relationship of number of thoracic segments to overall size, as represented by the length of the glabella, among the aulacopleurid olenimorph "Otarion diffractum" (squares) and the odontopleuride Acanthalomina minuta (triangles). Note marked intraspecific variation in segment numbers in the olenimorph and stability in the co-occurrent odontopleuride. These fossils occur in buff calcareous shales at the top of the Cromus beaumonti biozone of late Ludlovian age in the south part of Kosov Quarry (solid symbols) and from "Amerika" quarry near Mo ina (open symbols) (K í 1992). Figured "Otarion diffractum" in upper right lacks free cheeks on cephalon, and posterior of pygidium is missing, CGU "JK1" from Kosov Quarry. Figured Acanthalomina minuta in lower left also lacks free cheeks, CGU "JK2" from Kosov Quarry. Scale bar represents 2 mm in both specimens, and arrow marks the thoracic/pygidial boundary. ř ř ž evolution, and its homologies with structures in other arthropod taxa, provide major challenges for understanding the developmental history of trilobite body plans.
IMPLICATIONS
The role of developmental constraints in shaping evolution is of broad interest to evolutionary biologists (see Raff 1996) , and paleontologists have interpreted the transition between intervals of faster and slower evolutionary change to reflect the evolution of such constraints (e.g., Gould 1989) . Empirical evidence for the action of developmental constraints is sparse (Raff 1996) , partly due to the difficulty of discriminating between developmental constraints, which are intrinsic properties of developmental programs, and extrinsic constraints which are determined by an organism's ecological setting (Wagner 1995) . In the case of trilobites, derived taxa have relatively fixed thoracic segment numbers when compared to basal forms, and this observation has led to the suggestion that developmental processes "hardened" or became more entrenched during the evolution of the group (McNamara 1983; McKinney and McNamara 1991) . However, the shift toward stable numbers of segments may rather reflect the evolution of derived morphotypes with more efficient enrollment mechanisms. Enrollment was a behavioral response to deteriorating environmental conditions, and a defense against predators. In derived groups enrollment was a precise and complex procedure that required tight regulation of body proportions, including constant numbers of segments. Hence the trend in segment numbers may reflect selection for more efficient enrollment but is not, in itself, evidence of the evolution of an intrinsic developmental constraint. Such developmental constraint could be invoked only if the derived pattern of segment stability had been maintained after reversion to a basal morphotype, and is not the case in the example presented above. Analyses of developmental constraints in fossil groups thus require special care in selecting well-preserved taxa that provide an appropriate test of the constraint model. It has been argued that post-Cambrian arthropods show a restricted set of segmentation patterns compared to the range present among Cambrian arthropods, and this restriction has been attributed to the evolution of developmental entrenchment in advanced groups (Gould 1989 (Gould , 1993 Jacobs 1990) . If entrenchment were the cause of this pattern, we should expect evidence for the canalization of segmentation patterns within each of the major arthropod subclades, restricting their abilities to evolve disparate new body plans. Our results disprove the notion of the evolution of inviolable developmental constaints on thoracic segmentation within a wellrepresented early arthropod subclade. Hence we question the idea that a general increase in developmental constraint after the early Cambrian radiation was responsible for curtailing origination of new phylum-level body plans [reviewed in Valentine (1995) and Velentine et al. (1996) ].
